The section Neurophyllodes of Geranium, a highly distinctive group endemic to the Hawaiian Islands, consists of four species, three of which contain two or more well-marked subspecies. Although all are alpine, their habitats range from dry cinder fields up to 3300 m to wet montane bogs with up to 1500 cm rainfall annually. Progressive adaptation by leaves to xeromorphy is hypothesized for all species except G. humile. Features representing xeromorphy include diminution in leaf size; isolateral versus bifacial leaf construction; increase in thickness and in number of palisade layers; increase in glandular trichomes to form a dense felt on one or more surfaces; development of a hypodermis near one or both surfaces, together with hypodermis-like cells in the central mesophyll. Selective factors inducing this xeromorphy include brilliance of sunshine with pronounced ultraviolet-radiation; radiation from and aridity of bare lava or cinders; brisk winds; and marked diurnal fluctuation of humidity. Geranium humile is hypothesized to be a secondary entrant into bogs, based on xeromorphic ancestors resembling G. cuneatum. Foliar features other than those probably indicative of xeromorphy are discussed, and a nomenclatural revision is proposed.
THE HAWAIIAN SPECIES OF Geranium form a distinctive and natural group (recognized by most authors as constituting a section, Ncurophyllodes A. Gray) that shows exemplary patterns of insular speciation. All of the Hawaiian Geraniums are montane, and each entity occupies a particular montane range. The ranges of the entities thus form "islands" within the Hawaiian chain. However, the most remarkable aspect of these Geraniums is the way their leaf anatomy matches each of the niches in this gamut of tropical montane habitats. At one extreme are broadleaved shrubs or trees (G. arboreum, G. mult if lor um) of moist areas just above the rain forest; at another are small-leaved shrubs (G cuneatum) which inhabit dry alpine scrub areas bathed with clouds to various degrees. A third extreme is represented by the prostrate herbs in bogs that receive 1000 cm. of rainfall or more (G. humile). Nomenclature of these species and subspecies is provided in the terminal section of this paper.
The amazing range in habitats represented by these populations provided an unusual opportunity for analysis of how leaf anatomy has evolved with relation to particular habitats. Correlation between ecology and leaf anatomy has long been noted (see the review of Shields (1950) and the numerous references cited therein). However., most smdies of this sort have taken assemblages of unrelated species frcm a particular region and attempted to find common denominators in anatomical modes of leaf structure (e.g., deciduous forest trees). This is a valid viewpoint, and much useful information could have been revealed only in this manner. Alternative to this "floristic" viewpoint is the systematic approach, in which a group that shows adaptive radiation into varied habitats is analyzed with respect to leaf anatomy. One recent example of this approach is Mortenson's (1973) analysis of Cercocarpus (Rosaceae). The merit of the systematic viewpoint is that differences among species can closely reflect habitat differences. With the floristic viewpoint, there is the possibility that a variety of adaptations to a single habitat occur. In desert shrubs, for example, microphylly, heavily cutinized leaf surfaces, and leaf succulence may be observed among species in a single area. The limitation of the systematic approach lies in the range of habitats occupied by a phylad: no group occupies all niches from desert to aquatic, coast to alpine, that one ideally would wish represented. Each group that does cover a portion of such amplimde does illustrate critical features in adaptive aspects of leaf anatomy, however.
MATERIALS AND METHODS
This study was initiated because pickled leaf material of most taxa was available from the senior author's various Hawaiian expeditions. These materials are as follows: G. arboreum. Carlquisr 2130 (RSA); G. cuneatum cuneatum, Carlquist 2098 (RSA); G. cuneatum hypoleucum, Carlquist 2107 (RSA); G. cuneatum tridens, Carlquist 1942 (RSA); and G. humile humile, Carlquist 551 (RSA) . In order to complete the survey, leaves from herbarium material of the remaining taxa were kindly provided by Dr. Pieter van Royen of the Bishop Museum. These specimens include G. cuneatum hololeucum, litis H-204 (BISH); G. humile kauaiensis, Forbes 12757 (BISH); and G. multiflorum multiflorum, Usinger 692 (BISH). A specimen of G. multiflorum canum, Henrickson 3702 (RSA) completed the survey. Dried leaves were expanded by the typical clearing technique, soaking in warm 2.5 percent NaOH, without taking the process to the point of complete clearing. These leaves were transferred to water and then to 50 percent ethyl alcohol. From this point on, both leaves from herbarium specimens and pickled leaves were treated alike: infiltration in a tertiary butyl alcohol series, sectioning of paraffin-embedded material on a rotary microtome, and staining with a safranin-fast green combination. Paradermal and transections (both transverse and parallel to the long axis of the leaf) were prepared. Leaves from herbarium specimens provided quite satisfactory sections in most instances, although interpretation of them without reference to those of the pickled specimens would have been difficult. Perhaps most seriously open to question are the epidermal wall thickness figures derived from herbarium material. Sections and qualitative and quantitative data are the work of the junior author; calculations, ecological observations, and construction of the text are the work of the senior author.
While relatively precise anatomical data could be secured for each population, expression of the climatological and ecological regimes of the sites they occupy is difficult. Although the senior author has visited most of the localities, brief visits can be misleading. For example, in alpine localities mornings can be sunny and dry, but as moist tradewinds are drawn upslope during the day, a cloudy and even drizzly condition can occur. The sites in which the various Geraniums grow can be described as combining various proportions of dry to cloudy conditions, but these proportions cannot be described exactly. Even in the bogs where G. humile grows, there are occasional periods of intense sunshine and warmth. However, as proportion of sunshine to cloudiness increases, aridity increases geometrically, for reasons I have described elsewhere (Carlquist 1970) . Climatic data for the Islands, such as those offered by Blumenstock (1961) , are of some value, but that publication wisely contains disclaimers concerning microclimatic pockets that may be quite different from the zones in which they fall according to rainfall, etc. There are very few montane or alpine recording stations, and even these do not keep the kind of data (e.g., periodicity and duration of cloud penetration) that are of particular pertinence here. However, I feel that personal acquaintanceship during field work in montane Hawaii with the habitats in question provides greater understanding of ecological regimes than does citation of any published climatic data, imprecise though that may seem.
ANATOMICAL DATA AND ECOLOGICAL CORRELATIONS
Ideally, one might like to quantify all anatomical data; however, some data are not easily quantifiable: degree of hairiness of leaves, for example. Plant size might be used as an indicator of mesomorphy, as exemplified by the mesic species G. arboreum and G. multiflorum, but G. humile is much more dwarfed than its non-bog counterparts, such as G. cuneatum. Dwarfing in bogs is typical, and is probably based on lowered oxygen and nitrates in the Hawaiian bogs where standing water occurs.
However, as an opening statement of mesomorphy versus xeromorphy, four easily quantifiable features were selected. Large leaf area in the Hawaiian Geraniums is undoubtedly correlated with mesomorphy, following the reasoning in the multidimensional review of Parkhurst and Loucks (1972) . Number of hydathodic teeth on leaves is higher in mesic environments, as noted by Bailey and Sinnott (1916) . Thick outer epidermal walls (all leaf epidermis cells bear conspicuous cuticles in the Hawaiian Geraniums) and thick leaves are inversely correlated with mesomorphy, as noted by various authors, such as Haberlandt (1914) and Shields (I960). One can secure an index to mesomorphy (M) if one combines leaf area in sq cm (A); with number of leaf teeth (T); thickness of outer epidermal wall of upper leaf surface (Ei) and outer wall of abaxial leaf epidermis (E2), in microns; and leaf thickness (L) in mm according to the following formula:
Because multiplication is used in this index, it tends to increase geometrically, and would therefore tend to form a straight line on a log-log scale. One must note that it is a strictly arbitrary index, and would not necessarily be applicable to other groups of plants. 
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In fact, one could imagine that for each genus with an ecological amplitude reflected in terms of leaf anatomy that an equation similar to the one above, or a multiple regression equation, could be constructed, and that any given equation valid for one genus is unlikely to apply to others. The mesomorphy index invented above does dramatize accurately the apparent degree of mesomorphy of the Hawaiian Geraniums. The index values for each of the taxa, and the data on which me index values are based, are given in table 1. Taxa are arranged in order of decreasing mesomorphy, except for G. humile, which is placed last. Because tendencies in leaf construction cannot be simply summarized in a single table, and neither can climate, the discussions below are offered. These tend to reinforce conclusions that could be reached from the figures above. Distributional data are from , Fosberg (1936), and Henrickson (1971) . Ecological observations are based on the data of Blumenstock (1961) and my own notes.
1. Geranium arboreum (figs. [1] [2] [3] . This species occurs on western Haleakala, Maui, from 1800 to 2100 m. Although this range and elevation seems similar to that of G. cuneatum tridens, the habitats of G. arboreum are quite different. Geranium arboreum occurs in moister gullies, with such plants as Rubus hawaiiensis. Cloud cover is considerable over the belt where G. arboreum occurs. The maximally mesomorphic nature of leaves is suggested by the following features: leaves bifacial (2 palisade, 5 spongy layers); hypodcrmis absent, no hypodermis-like cells in center of mesophyll; non-glandular trichomes sparse on both surfaces, most prominent on veins of adaxial surface; hydathodes of minimal size, although compensated for by the large number of teeth. The absence of trichomes suggests that the Tendencies toward xeromorphy are slight, but include the following, compared to G. arboreum, with which it agrees except for: a third palisade layer present occasionally; a few spherical hypodermis-like cells that contain chloroplasts scattered beneath the adaxial epidermis; non-glandular trichomes more abundant than in G. arboreum, only somewhat less abundant than in G. m. ovatifolium and occurring along veins on adaxial as well as abaxial surfaces; hydathodes a little more massive than those of G. arboreum. In the Hawaiian Geraniums, hypodermal cells can be defined by the fact that walls are thicker, cells larger and more sphaeroidal, and chloroplasts fewer than in chlorenchyma. At least a few chloroplasts are present in most hypodermal or "hypodermis-like" cells, however. three on the adaxial face where hypodermis is discontinuous; stomata occur on the adaxial surface; hypodermis is present beneath both epidermises, and is composed of spherical cells on the abaxial side but cells somewhat transitional to palisade on the adaxial side; there is a layer of hypodermis-like cells in the center of the mesophyll, but not as in G. cuneatum for these cells are spongy rather than compact sphaeroidal; non-glandular trichomes are as in G. m. multiflorum on the adaxial surface, but dense on the abaxial surface, 0.5 to 1.0 mm long. Hydathodes are as in G. m. multiflorum. The density of trichomes on the abaxial surface suggests adaptation to brisk winds (by a "windbreak" effect, they would attenuate the moisture gradient at the leaf surface) and perhaps also adaptation to high light intensity. Leaves are often somewhat angled upwardly, so that light would strike lower surfaces of leaves predominantly during morning and afternoon or during periods of wind. The transition from bifacial to isolateral within the species G. multiflorum is interesting; the entities below all have isolateral types of leaf structure. (fig. 5 ). These populations, the source of the type of the species (Fosberg 1936 ) occur at about 2000 m oa Hualalai, but also at lower elevations in the Central Plateau. At these elevations on the island of Hawaii, there is considerable cloudiness almost daily, but also periods of prolonged sunshine. Because of the large land mass producing updrafts, cloud cover tends to occur at these localities by late afternoon, but brisk winds are not frequent. The predominance of epiphytic lichens and fungi on stems of G. c. cuneatum and associated plants attest to the moisture in this area, present in the form of clouds more than precipitation. A degree of xeromorphy somewhat like that of G. multiflorum ovatifolium is suggested by the following: leaves only somewhat isolateral, with stomata more than twice as numerous on the abaxial than on the adaxial surface; the layer beneath the adaxial hypodermis could be termed palisade; abaxial cells are smaller, and scattered, not forming a continuous layer; two layers of palisade could be said ro be present on both surfaces; hypodermis-like cells (one or two layers) are present in the center of the leaf; the adaxial surface is glabrate, with nonglandular hairs along veins only; the abaxial surface also tends to be glabrate, with non-glandular trichomes sparse, about 0.25 mm long, bent at bases and appressed to the surface, pointing to the leaf apex. The broadness of leaves and the lack of trichomes on the abaxial surface (see illustration in Carlquist 1970) suggest mesomorphy compared to other G. cuneatum populations. Leaves tend to be angled diagonally upward rather than horizontal, a fact correlated with isolateral tendencies in leaf structure. The variant of G. c. cuneatum called "rockii" at various taxonomic levels is a variant that grows on Mauna Kea at elevations up to 3000 m (Skortsberg 1930), still within the zone of prolonged daily cloud cover. It differs in only minor respects from typical G. cuneatum (tendency to smaller leaves), and is placed in synonymy with G. c. cuneatum here.
G. cuneatum cuneatum
5. G. cuneatum bololeucum. This entity, which includes var. G. c. pauciflorum of Hillebrand, is the high-elevation Geranium of Mauna Kea, ranging from 3000 to 3300 m. Here it would be exposed to dry brilliant morning conditions, sunlight reflected from sparsely vegetated cinder fields, but with late afternoon clouds. This regime is suggested in anatomical features that could be called more xeromorphic than those leaves of typical G. cuneatum: leaves isolateral. at least two layers of palisade on the adaxial side and one on the abaxial side; a single layer of hypodermis cells occurs beneath both surfaces; two layers of hypodermis-like cells are present in the central mesophyll; the abaxial surface has about twice as many stomata as the adaxial surface; both surfaces bear a dense felt of non-glandular trichomes about 1 mm long, appressed and pointing to the leaf apex; hydathodes are massive. Although leaf size is not exceptionally small in G. c. bololeucum, xeromorphy seems clearly evident in the dense vesture and upwardly angled position of the leaves. (fig. 4 ). The collection studied comes from the southwestern rift zone of Mauna Loa where two weather systems, the western "Kona weather" and the northeastern tradewind pattern, tend to meet (Carlquist 1970) , providing unpredictable periods of cloud cover, sometimes prolonged, sometimes with long periods of sunshine. cells present in the central mesophyll; stomata only on the abaxial surface, corresponding to absence of a covering of non-glandular trichomes (except above veins); numerous non-glandular trichomes, bent at bases, appressed to the leaf surface, and pointing to the apex present on the abaxial surface; hydothodes are of medium size. The cuticle on the non-glandular trichomes is thick and fluted, or carinate as seen in transection of the trichome. Despite the apparently xeric features of the G. c. hypoleucum habitat, a species such as Oreobolus fmeatus, the tussock sedge of Hawaiian bogs, may be found in shaded crevices in the locality from which the Geranium was collected. One could reasonably hypothesize that the bog species G. humile originated from ancestors rather like G. c. hypoleucum.
G. cuneatum hypoleucum
7. G. cuneatum tridens. The only population of G. cuneatum on an island other than Hawaii, G. c. tridens occupies open scrub areas on northwestern Haleakala from 1200 to 2700 m, where in places it is the predominant shrub. It is absent in high rainfall areas and grows in exposed sites where much sunlight, alternating with wind-driven clouds, characteristically occurs. Leaves rend to point upwards. As the name suggests, it is distinctive in three-toothed leaves as well as relatively large flowers and flower parts (Skottsberg 1944) . It is clearly closer to the other populations of G. cuneatum than to any other Geranium, a fact suggested by its leaf anatomy ( fig.  6 ). Its leaves contain no feature not found in one or more of the other G. cuneatum populations aside from the very thick epidermal cell walls ( fig. 7) , so recognition as a distinct species does not seem warranted. A high degree of xeromorphy is suggested by the following: leaves isolateral, with two layers of palisade on both surfaces; a clear layer of hypodermal cells present on the abaxial side, but on the adaxial side cells beneath the epidermis are typical palisade chlorenchyma or transitional to hypodermis by virtue of thicker walls or fewer chloroplasts; two or more layers of hypoderrnis-like cells present in the central mesophyll; stomata only slightly more numerous on the abaxial surface than on the adaxial: non-glandular trichomes dense on both surfaces, from 0.5 to 1.0 mm long, appressed to the surface and pointing to the leaf apex. As can be seen in fig. 7 , cuticle on trichomes is fluted. Hydathodes are of medium prominence for the species studied here. 8, 9. G. humile kauaiense and G. h. humile (fig. 8, 9) . This species differs from other Hawaiian Geraniums in that it is not a shrub, but a prostrate plant with stems rooting in bogs (see illustration in Carl-quist 1970 Leaves of the two subspecies are similar, and may be described anatomically together: leaves, isolateral, but with bifacial tendencies; no stomata are present on adaxial surfaces of the material of G. h. humile, but stomata about equally abundant on both surfaces in G. h. kauaiense; two layers of palisade present on each surface; hypodermis occurs beneath both epidermises; cells of the abaxial hypodermis "spongy" and less than one-third the length of the adaxial hypodermal cells, which are palisade-like ( fig. 8) ; a hypodermis-like layer, occasionally two, and chiefly near veins, is present in the central mesophyll; non-glandular trichomes absent on adaxial surface except along veins, less abundant on adaxial surfaces in leaves of G. h. kauaiense; non-glandular trichomes dense on the abaxial surface, 0.5 to 1.0 mm long, appressed to the leaf surface and point toward the leaf apex; hydathodes massive ( fig. 9 ), containing a greater aggregation of tracheary elements than in the other taxa. The differences in stomatal distribution and vesture seem sufficient to recognize the Kauai and Maui populations of G. humile as distinct subspecies.
PHYLOGENETIC HYPOTHESES Fosberg (1936) suggests that xeromorphic alpine Geraniums might have existed on the once-higher dome of Kauai, and that with the erosion of this dome, G. h. kauaiense is a bog relict representing autochthonous speciation on that island. One cannot defensibly use absence of plant groups as phytogeographical evidence; presence is a much more compelling basis for argument. However, the absence today of Geranium species on Kauai (except for G. h. kauaiense) and Oahu, the rapid diversification of Geraniums on the Pleistocene (or younger) volcanoes of the island of Hawaii, and the concentration of representatives of all species on Maui could be used as lines of inference that Maui represented the site of introduction to the Hawaiian Islands of Geranium sect. Neurophyllodes. In this case, the unspecialized (except for its zygomorphic flowers) characters of G. arboreum are pertinent. The number of leaf teeth in Hawaiian Geraniums has probably undergone reduction; the least degree of reduction, other than in G. arboreum, occurs in G. m. multiflorum on the island of Hawaii. The G. multi- Figure 8 . Leaf transection, parallel to long axis of leaf (a "parasagittal" section); lesser veins and appressed trichomes can be seen. Figure 9 . Longisection of a hydathode. Figure 8 , X 170; figure 9, X 320. and Styphelia tameiameiae in Hawaiian bogs represent invasion by stocks from drier areas, rather than vice versa. The two G. humile subspecies seem in such an incipient stage of divergence from each other that recent dispersal within the archipelago rather than relictualism is indicated. Maui is the center of diversification (or at least diversity among living species) for the Clermontia-Cyanea (Campanulaceae, subfamily Lobelioideae) complex, as well as for the Dubautia-Argyroxiphium-Wilkesia (Asteraceae) complex. Just as the paucity of Clermontia on Kauai suggests Kauai as a recipient island rather than an origin island for that genus, Hawaiian Geraniums may represent one of several instances that contain exceptions to the predominant and well documented west-to-east routes most genera of plants and animals in the Islands have followed.
OTHER LEAF FEATURES
Characters of no obvious adaptive value within the program of radiation of Hawaiian Geraniums are presented here in the interest of compiling a complete picture of foliar anatomy. BUNDLE SHEATHS: All the Hawaiian Geraniums have bundle sheaths which resemble cells of the central hypodermis-like tissue and, where that is present, are continuous with it. Examples can be seen in figs. 1, 4, 6, and 8 . Bundle sheath extensions are present only on major veins (figs. 2, 4, 6) . Bundle sheaths do not contain fibers.
TRICHOMES: In addition to the unicellular nonglandular trichomes described above for various taxa, glandular trichomes are present. As noted for Geraniaceae by Metcalfe and Chalk (1950) , these glandular trichomes are uniseriate, with a foot cell, one or more stalk cells, and a terminal sphaeroidal cell. Distribution of these in the Hawaiian Geraniums is as follows. They were observed above major veins on the abaxial surface only of G. h. humile, G. h. kauaiense, and G. m. muhiflorum . They were observed over major veins on both leaf surfaces in the remaining entities, with a tendency toward greater abundance on the abaxial surface where occasionally they may be found in intercostal areas as well as above veins. Glandular hairs are most abundant on leaves of G. arhoreum, in which occurrence in intercostal areas is frequent. Although with a somewhat clavate terminal cell in most species, glandular trichomes with either clavate or sphaeroidal terminal cells occur in G. arboreum only.
The relative paucity of glandular trichomes in Hawaiian Geraniums other than G. arboreum suggests a trend toward loss. This may be a portion of the loss of herbivore-resistant mechanisms autochthonously in the Hawaiian flora. Lack of such features as prickles, stinging hairs, poisonous compounds, ethereal oils (notably in Hawaiian Lamiaceae, which have scentless herbage) can be ascribed to relaxation of pressure for herbivore deterrence. For this same reason, abundance of non-glandular trichomes on leaves of many of the Hawaiian Geraniums is probably not an herbivore-deterrence mechanism but an adaptation to climatic conditions. The reasoning behind these hypotheses has been presented elsewhere (Carlquist 1970 (Carlquist , 1974 .
CUTICULAR RELIEF: The surface of foliar cuticle in Hawaiian Geraniums may be smooth or slightly granular, or it may have prominent striae or ridges that radiate away from stomata (or sometimes trichome bases) as seen in paradermal sections of leaves. Little or no relief on the adaxial surface with presence of relief on the abaxial surface was observed in G. arboreum, G. c. cuneatum, G. c. hypoleucum, G. h. humile, G. h. kauaiense, G. m. muhiflorum, and G. m. ovatifolium . Relief on both surfaces was observed in G, c. cuneatum, G. c. hololeucum, and G. c. tridens. From these modes of occurrence, one can conclude that location and degree of cuticular relief is associated with presence of non-glandular trichomes primarily, and relative abundance of stomata secon-darily. The function or functions of foliar cuticular relief do not seem to have been demonstrated clearly. DRUSES: In mesophyll, druse-bearing cells occur idioblastically or in groups ( fig. 3 ). Taxa in which druses were observed in chlorenchyma cells only include G. arboreum, G. c. cuneatum, and G. c. tridens. On the contrary, druses were observed only in hypodermal cells and in the central band of hypodermislike cells in G. h. humile and G. cuntatum hypoleucum. Druses in both types of mesophyll cells were recorded in G. multiflorum ovatifolium. No druses were observed in the remaining entities, but this may have been caused by the fact that dried specimens were used for preparations of those and druses may have been lost or obscured by preparation methods.
SYSTEMATIC CONSIDERATIONS
Although ecological correlations were the main purpose of this study, information useful in aiding taxonomic decisions was also a byproduct. Extremes in taxonomic treatment of the Hawaiian Geraniums are represented by Fosberg (1936) and St. John (1973) who recognize four species (a treatment with which I concur), on the one hand; and Degener and Greenwell (1952) , who recognize nine, on the other. Hillebrand (1888) recognizes as species G. tridens and G. ovatifolium. If any species were to be segregated from the four recognized here, anatomical evidence could be adduced to support Hillebrand's treatment. However, the balance of anatomical evidence supports four species, each of which, except for G. arboreum, is composed of two or more geographically and morphologically distinct populations. These populations seem an ideal demonstration of the subspecies concept as utilized by zoologists and by many botanists. Despite predominant use of the variety as the sole infraspecific category in much older literature, increasing recombination of morphologically and geographically distinct populations as subspecies seems inevitable, making botanical literature congruent with zoological nomenclature to a more nearly complete extent. The following treatment is therefore offered. This system is basically that of Fosberg (1936) . In view of Fosberg's excellent key, descriptions of entities, and citations of specimens and localities, these taxonomic monograph features are not repeated here.
Geranium Linnaeus seer. Neurophyllodes A. Gray, Bot. U.S. Exped. p. 310, 1854. sea. Neurophyllodea (sic) Knuth, in Engler, Pflanzenreich (4)129, p. 216, 1912 . Neurophyllodes Degener (as a genus), F. Haw. 11-27-1937 , also Fl. Haw. K9 XII-23-1938 
